



















FIR ST EV ID EN C E O F N EW PH Y SIC S IN b $ s T R A N SIT IO N S
(U T t Collaboration)
M .Bona,1 M .Ciuchini,2 E.Franco,3 V.Lubicz,2,4 G .M artinelli,3,5 F.Parodi,6
M .Pierini,1 C.Schiavi,6 L.Silvestrini,3 V.Sordini,7 A.Stocchi,7 and V.Vagnoni8
1
CERN, CH-1211 G eneva 23, Switzerland
2
INFN, Sezione di Rom a Tre, I-00146 Rom a, Italy
3
INFN, Sezione di Rom a, I-00185 Rom a, Italy
4
Dipartim ento di Fisica, Universita di Rom a Tre, I-00146 Rom a, Italy
5Dipartim ento diFisica, Universita diRom a \La Sapienza", I-00185 Rom a, Italy
6 Dipartim ento diFisica, Universita diG enova and INFN,I-16146 G enova, Italy
7
Laboratoire de l’Accelerateur Lineaire,IN2P3-CNRS etUniversite de Paris-Sud,BP 34,F-91898 O rsay Cedex,France
8
INFN, Sezione di Bologna, I-40126 Bologna, Italy
W e com bine allthe available experim entalinform ation on B s m ixing,including the very recent
tagged analyses ofB s ! J=	  by the CD F and D  collaborations. W e  nd that the phase of
the B s m ixing am plitude deviates m ore than 3 from the Standard M odelprediction. W hile no
single m easurem enthasa 3 signi cance yet,alltheconstraintsshow a rem arkableagreem entwith
the com bined result. This is a  rst evidence ofphysics beyond the Standard M odel. This result
disfavoursNew Physicsm odelswith M inim alFlavourViolation with the sam e signi cance.
In the Standard M odel(SM ),all avourand CP vio-
lating phenom ena in weak decaysaredescribed in term s
of quark m asses and the four independent param eters
in the Cabibbo-K obayashi-M askawa (CK M ) m atrix [1].
In particular,there is only one source ofCP violation,
which is connected to the area ofthe Unitarity Trian-
gle (UT).A peculiar prediction ofthe SM ,due to the
hierarchy am ong CK M m atrix elem ents,isthatCP vio-
lation in B s m ixing should betiny.Thisproperty isalso
valid in m odelsofM inim alFlavourViolation (M FV)[2],
where avourand CP violation arestillgoverned by the
CK M m atrix.Therefore,theexperim entalobservation of
sizable CP violation in B s m ixing isa clear(and clean)
signalofNew Physics(NP)and a violation ofthe M FV
paradigm .In thepastdecade,B factorieshavecollected
an im pressive am ount ofdata on B d  avour-and CP-
violating processes.The CK M paradigm haspassed un-
scathed allthe testsperform ed atthe B factoriesdown
to an accuracy just below 10% [3, 4]. This has been
often considered as an indication pointing to the M FV
hypothesis,which hasreceived considerableattention in
recentyears. The only possible hintofnon-M FV NP is
found in the penguin-dom inated b! s non-leptonic de-
cays.Indeed,in theSM ,theSqqs coe cientofthetim e-
dependent CP asym m etry in these channels is equalto
the Sccs m easured with b ! ccs decays,up to hadronic
uncertainties related to subleading term s in the decay
am plitudes. Present data show a system atic,although
notstatistically signi cant,downward shiftofSqqs with
respectto Sccs [5],while hadronicm odelspredicta shift
in the oppositedirection in m any cases[6,7].
From the theoreticalpoint of view, the hierarchical
structure ofquark m assesand m ixing anglesofthe SM
calls for an explanation in term s of avour sym m etries
orofotherdynam icalm echanism s,such as,forexam ple,
ferm ion localization in m odelswith extradim ensions.All
such explanationsdepartfrom the M FV paradigm ,and
generically cause deviationsfrom the SM in  avourvio-
lating processes.M odelswith localized ferm ions[8],and
m ore generally m odelsofNext-to-M inim alFlavourVio-
lation [9],tend toproducetoolargee ectsin "K [10,11].
O n the contrary,  avour m odels based on nonabelian
 avoursym m etries,such asU (2)orSU (3),typicallysup-
press NP contributions to s $ d and possibly also to
b$ d transitions,buteasily producelargeNP contribu-
tionsto b$ s processes.Thisisdueto thelarge avour
sym m etrybreakingcaused by thetop quarkYukawacou-
pling.Thus,if(nonabelian) avoursym m etrym odelsare
relevantforthe solution ofthe SM  avourproblem ,one
expects on generalgrounds NP contributions to b $ s
transitions.O n the otherhand,in the contextofG rand
Uni ed Theories(G UTs),there isa connection between
leptonicand hadronic avourviolation.In particular,in
a broad classofG UTs,the large m ixing angle observed
in neutrino oscillations corresponds to large NP contri-
butionsto b$ s transitions[12].
In thisLetter,weshow thatpresentdata giveevidence
ofa B s m ixing phase m uch largerthan expected in the
SM ,with a signi cance ofm ore than 3. This resultis
obtained by com bining allavailable experim entalinfor-
m ation with the m ethod used by our collaboration for
UT analysesand described in Ref.[13].
W e perform a m odel-independentanalysisofNP con-

























is the e ective Ham iltonian generated
by both SM and NP, while H SM
e
only contains SM





cb)) and it equals 0:018  0:001 in
the SM .1
 m s [ps
















[ps] 1.461  0.032 [19]
s http://tinyurl.com/2f9rtl [20]
  s http://tinyurl.com/2f9rtl [20]
s [rad] 0.60  0.27 [21]
  s [ps
 1
] 0.19  0.07 [21]
B s [ps] 1.52  0.06 [21]
C s;   s =   0:042 C s;B s =   0:571 C B s ;   s = 0:23
TABLE I:Input param eters used in the analysis. W e also
show the correlation coe cients C s ofthe m easurem ents of
s,  s and B s from ref.[21].
W e use the following experim entalinput: the CDF
m easurem ent of  m s [15], the sem ileptonic asym m e-
try in B s decaysA
s
SL




from D [17]and CDF [18],the m easurem ent
ofthe B s lifetim e from  avour-speci c  nalstates [19],
the two-dim ensionallikelihood ratio for   s and s =
2(s  B s)from thetim e-dependenttaggedangularanal-
ysisofB s ! J=  decaysbyCDF [20]and thecorrelated
constraints on  s,  s and s from the sam e analysis
perform ed by D [21]. For the latter,since the com -
plete likelihood is not available yet,we start from the
results ofthe 7-variable  t in the free-s case from Ta-
ble I ofref.[21]. W e im plem ent the 7  7 correlation
m atrix and integrate over the strong phases and decay
am plitudes to obtain the reduced 3 3 correlation m a-
trix used in ouranalysis.In theD analysis,thetwofold
am biguity inherent in the m easurem ent (s !    s,
  s !     s,cos1;2 !   cos1;2)forarbitrary strong
phaseswasrem ovedusingavalueforcos1;2 derivedfrom
the BaBaranalysisofB d ! J=	 K
 using SU(3). How-
ever,thestrongphasesin B d ! J=	 K
 and B s ! J=	 
cannotbe exactly related in the SU(3)lim it due to the
1 W e are using the usualCK M phase convention in which VcsV

cb
isrealto a very good approxim ation.
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FIG . 1: From left to right and from top to bottom , 68%























singletcom ponentof.Although thesign ofcos1;2 ob-
tained usingSU(3)isconsistentwith thefactorization es-
tim ate,to be conservativewe reintroduce the am biguity
in theD m easurem ent.To thisend,wetaketheerrors
quoted by D asG aussian and duplicate the likelihood
at the point obtained by applying the discrete am bigu-
ity. Indeed, looking at Fig. 2 ofref.[21], this seem s
a reasonable procedure. Hopefully D willpresent re-
sults without assum ptions on the strong phases in the
future,allowing fora m orestraightforward com bination.
Finally, for the CK M param eters we perform the UT
3analysisin the presence ofarbitrary NP asdescribed in
ref.[10],obtaining  = 0:140 0:046, = 0:384 0:035
and sin2s = 0:0409 0:0038. The new input param -
eters used in our analysis are sum m arized in Table I,
allthe othersare given in Ref.[10]. The relevantNLO
form ulae for   s and for the sem ileptonic asym m etries
in the presence of NP have been already discussed in
refs.[10,22,23].
O bservable 68% Prob. 95% Prob.
B s[
] -19.9  5.6 [-30.45,-9.29]
-68.2  4.9 [-78.45,-58.2]





] -51  11 [-69,-27]





s 0.73  0.35 [0.24,1.38]










s -0.13  0.31 [-0.61,0.78]










-2.1  1.0 [-4.7,-0.3]
  s= s 0.105  0.049 [0.02,0.20]
-0.098  0.044 [-0.19,-0.02]
TABLE II:FitresultsforNP param eters,sem ileptonicasym -
m etriesand width di erences.W heneverpresent,we listthe
two solutionsdueto theam biguity ofthem easurem ents.The
 rstline correspondsto the one closerto the SM .
The results ofour analysis are sum m arized in Table
II. W e see that the phase B s deviates from zero at
3:7. W e com m entbelow on the stability ofthissignif-
icance. In Fig.1 we present the two-dim ensional68%
and 95% probability regionsforthe NP param etersCB s
and B s,the corresponding regions for the param eters




s , and the one-dim ensionaldistribu-
tions for NP param eters. Notice that the am biguity of
the tagged analysisofB s ! J=	  isslightly broken by
thepresenceoftheCK M -subleadingterm sin theexpres-
sion of 12=M 12 (seeforexam pleeq.(5)ofref.[23]).The
solution around B s    20
 correspondsto N Ps    50

and A N Ps =A
SM
s  75% .Thesecond solution ism uch m ore
distantfrom theSM and itrequiresa dom inantNP con-
tribution (A N Ps =A
SM
s  190% ).In thiscasetheNP phase
isthusvery welldeterm ined.The strong phase am bigu-





Im A N Ps =A
SM
s    0:74 in any case.
Before concluding,we com m ent on our treatm ent of
the D result for the tagged analysis and on the sta-
bility ofthe NP  t. Clearly,the procedure to reintro-
duce the strong phase am biguity in the D result and
to com bine it with CDF is not unique given the avail-
ableinform ation.In particular,theG aussian assum ption


















































































































































FIG .2: P.d.f. for B s without the tagged analysis ofB s !
J=	  (top left),including only theCD F analysis(top right),
including only the D  G aussian analysis (bottom left), in-
cluding only the D  likelihood pro les (bottom right). W e
show 68% (dark)and 95% (light)probability regions.
Ref.[21].Thus,wehavetested thesigni canceoftheNP
signalagainstdi erentm odeling ofthe probability den-
sity function (p.d.f.). First,we have used the 90% C.L.
rangefors = [  0:06;1:20]
 given by D toestim atethe
standard deviation,obtaining s = (0:57 0:38)
 asin-
putforourG aussian analysis.Thisisconservativesince
the likelihood hasa visibly largerhalf-width on the side
opposite to the SM expectation (see Fig.2 ofRef.[21]).
Second,we have im plem ented the likelihood pro lesfor
s and   s given by D , discarding the correlations
butrestoringthestrong phaseam biguity.Thelikelihood
pro les include the second m inim um corresponding to
s ! s + ,   !      ,which is disfavoured by the
oscillatingterm spresentin thetagged analysisand isdis-
carded in our G aussian analysis. Also this approach is
conservativesinceeach one-dim ensionalpro lelikelihood
ism inim ized with respectto theothervariablesrelevant
forouranalysis.Itisrem arkablethatboth m ethodsgive
adeviation ofB s from zeroof3 (the3 rangesforB s
are[  88;  48][[  41;0] and [  88;0] forthetwom eth-
odsrespectively). W e conclude thatthe com bined anal-
ysisgivesa stable evidence forNP,although the precise
num berofstandard deviationsdependson theprocedure
followed to com binepresently availabledata.
To illustrate the im pact of the experim ental con-
straints,we show in Fig.2 the p.d.f.for B s obtained
without the tagged analysis ofB s ! J=	  or includ-
ing only CDF or D results. Including only the CDF
tagged analysis,weobtain B s < 0 at97.7% probability
4(2.3).ForD ,weshow resultsobtained with theG aus-
sian and likelihood pro letreatm entoftheerrors.In the
G aussian case,the D tagged analysis gives B s < 0
at 98.0% probability (2.3),while using the likelihood
pro les B s < 0 at 92.8% probability (1.8). Finally,
it is rem arkable that the di erent constraints in Fig.2
are allconsistent am ong them selves and with the com -
bined result.W enotice,however,thatthetop-leftplotis






positive B s,although with a very low signi cance. For







In thisLetterwehavepresented thecom bination ofall
available constraints on the B s m ixing am plitude lead-
ing to a  rst evidence ofNP contributions to the CP-
violating phase.W ith theprocedurewefollowed to com -
binetheavailabledata,weobtain an evidenceforNP at
m orethan 3.To putthisconclusion on  rm ergrounds,
it would be advisable to com bine the likelihoods ofthe
tagged B s ! J=	  angular analyses obtained without
theoreticalassum ptions. This should be feasible in the
nearfuture.W e areeagerto see updated m easurem ents
using larger data sets from both the Tevatron experi-
m entsin orderto strengthen the presentevidence,wait-
ing fortheadventofLHCb fora high-precision m easure-
m entofthe NP phase.
Itisrem arkablethatto explain theresultobtained for
s,new sourcesofCP violation beyond the CK M phase
arerequired,strongly disfavouring the M FV hypothesis.
These new phaseswillin generalproduce correlated ef-
fects in  B = 2 processesand in b ! s decays. These
correlations cannot be studied in a m odel-independent
way,butitwillbeinteresting to analysethem in speci c
extensionsofthe SM .In thisrespect,im proving the re-
sultson CP violation in b ! s penguinsatpresentand
futureexperim entalfacilitiesisoftheutm ostim portance.
N ote added
During the review procedure of this Letter, results
based on new data were presented by the Tevatron ex-
perim ents,aswellasa com bination ofTevatron results
on the tagged angular analysis ofB s ! J= . How-
ever these updates are allunpublished. Furtherm ore,
the likelihoodsrequired by ouranalysisare notpublicly
available except for the new D analysis with no as-
sum ption on strong phases [24]. For the sake ofcom -
pleteness, we quote B s = (  19  8)
 [ (  69  7)
([  36;  5] [ [  83;  54] at95% probability),obtained
usingthisnew likelihood fortheD tagged angularanal-
ysis ofB s ! J= . Clearly,we no longerneed to m a-
nipulatethe D to rem ovethe strong phaseassum ption
and to accountforthe non-G aussian shape asdescribed
above.Rem arkably,thisupdated resultiswellcom pati-
blewith theresultsofthisLetter,con rm ing a deviation
from the SM at the levelof 3 (99:6% probability).
M orerecentexperim entalresultsseem to con rm theef-
fect discussed in this Letter. W e willinclude them in
future analysesassoon asthey becom e available.
W e are m uch indebted to M .Rescigno for triggering
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suggestions. W e also thank G .G iurgiu,G .Punziand
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perim entalresults.W eacknowledgepartialsupportfrom
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